Geranylgeranyltransferase I inhibitors (GGTIs) represent a new class of anticancer drugs. However, the mechanism by which GGTIs inhibit tumor cell growth is still unclear. Here, we demonstrate that GGTI-298 and GGTI-2166 induce apoptosis in both cisplatin-sensitive and -resistant human ovarian epithelial cancer cells by inhibition of PI3K/AKT and survivin pathways. Following GGTI-298 or GGTI-2166 treatment, kinase levels of PI3K and AKT were decreased and survivin expression was significantly reduced. Ectopic expression of constitutively active AKT2 and/or survivin significantly rescue human cancer cells from GGTI-298-induced apoptosis. Previous studies have shown that Akt mediates growth factor-induced survivin, whereas p53 inhibits survivin expression. However, constitutively active AKT2 failed to rescue the GGTIs downregulation of survivin. Further, GGTIs suppress survivin expression and induce programmed cell death in both wild-type p53 and p53-deficient ovarian cancer cell lines. These data indicate that GGTI-298 and GGTI-2166 induce apoptosis by targeting PI3K/AKT and survivin parallel pathways independent of p53. Owing to the fact that upregulation of Akt and survivin as well as inactivation of p53 are frequently associated with chemoresistance, GGTIs could be valuable agents to overcome antitumor drug resistance.
Introduction
Geranylgeranyltransferase I and farnesyltransferase inhibitors (GGTIs and FTIs) represent a new class of anticancer drugs . These compounds were originally designed to block lipid posttranslational modification of oncogenic Ras, which is essential for its function (Reiss et al., 1990; Kohl et al., 1993) . Prenylation of small G proteins such as Ras, Rho, and Rac is critical to their cellular localization and function. Two types of prenyl transferases, farnesyltransferase and geranylgeranyltransferase (GGTase), have been shown to catalyse protein prenylation. FTase catalyses the transfer of farnesyl from farnesylpyrophosphate to a cysteine at the carboxyl terminus of proteins ending in CAAX, where C is cysteine and A is an aliphatic amino acid, and X is methionine, serine, cysteine, or glutamine. GGTase I, on the other hand, transfers geranylgeranyl from geranylgeranylpyrophosphate to CAAX terminal sequences, where X is leucine or isoleucine. We have developed CAAX peptidomimetics such as GGTI-298 and FTI-277 as highly selective inhibitors of GGTase I and FTase, respectively (Sebti and Hamilton, 1997) . FTI-277 blocks potently oncogenic H-Ras processing and signaling. However, inhibition of the processing of K-Ras, the most prevalent form of mutated Ras in human tumors, becomes geranylgeranylated by GGTase I when FTase is inhibited. Therefore, both FTI-277 and GGTI-298 are required for inhibition of K-Ras processing in human tumor (Sebti and Hamilton, 1997) . Several reports suggested that RhoB is a critical target for antitumor activity of FTIs (Du et al., 1999; Prendergast, 2001 ). However, this remains controversial and other studies have provided evidences against inhibition of Rho-B farnesylation as a mechanism by which FTIs inhibit tumor cell survival and growth (Chen et al., 2000) .
Inhibitor of apoptosis proteins (IAPs) represent a conserved gene family that protects against programmed cell death induced by a variety of apoptotic stimuli (Deveraux and Reed, 1999) . IAPs contain at least one BIR (baculovirus IAP repeat) domain that binds to caspases 3, 7, and 9 to inhibit their activities. Survivin is the smallest known IAP family protein and contains a single BIR domain with which it binds caspases and prevents caspase-induced apoptosis (Altieri, 2003) . In addition, survivin also plays an important role in cell cycle control (Reed, 2001 ). Altered expression of survivin appears to be a common event associated with the pathogenesis of human cancer; survivin is overexpressed in many transformed cell lines and in common cancers, such as those of the ovary, lung, colon, liver, prostate, and breast (Reed, 2001; Altieri, 2003) . Reduced survivin expression causes apoptosis and sensitization to anticancer drugs, suggesting that survivin expression is important for cell survival or chemoresistance of certain carcinomas (Tran et al., 2002; Altieri, 2003) .
Phosphatidylinositol-3-OH kinase/Akt is another major cell survival pathway that has been recently extensively studied (Brazil et al., 2002) . PI3K is a heterodimer composed of a p85-regulatory and a p110-catalytic subunit and converts the plasma membrane lipid phosphatidylinositol-4-phosphate [PI(4)P1] and phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2] to phosphatidylinositol-3,4,-bisphosphate [PI(3,4)P2] and phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P3]. Pleckstrin-homology (PH) domain-containing proteins, including Akt, accumulate at sites of PI3K activation by directly binding to PI(3,4)P2 and PI(3,4,5)P3. Akt (also known as PKB) represents a subfamily of the serine/ threonine kinases. Three members of this family, including AKT1, AKT2, and AKT3, have been identified so far. Akt is activated by a variety of stimuli, including growth factors, protein phosphatase inhibitors, and stress in a PI3K-dependent manner (Franke et al., 1995; Datta et al., 1999) . Several downstream targets of Akt, each of which contains the Akt phosphorylation consensus sequence R-X-R-X-X-S/ T-F/L, have been identified (Datta et al., 1999) , pointing to the possible mechanisms by which Akt promotes cell survival and blocks apoptosis. Akt phosphorylates the proapoptotic proteins BAD, caspase-9, and transcription factor FKHRL1, resulting in reduced binding of BAD to Bcl-X L and inhibition of caspase-9 protease activity and Fas ligand transcription (Datta et al., 1999) . Moreover, alterations of Akt, especially AKT2, have been frequently detected in human malignancy. Overexpression/activation of PI3K and/or Akt renders cancer cells resistant to conventional chemotherapeutic drugs Clark et al., 2002) . It has also been shown that inactivation of PTEN and p53 results in constitutive activation of Akt pathway. PTEN mutations lead to loss of its lipid phosphatase activity, and thus, it is unable to convert PI(3,4,5)P3 to PI(4,5)P2 (Datta et al., 1999) . p53 transcription factor has recently been found to bind to the promoters of PTEN and p110a to induce PTEN and inhibit p110a transcription. Therefore, mutations of p53 result in downregulation of PTEN and upregulation of p110a leading to activation of Akt (Stambolic et al., 2001; Singh et al., 2002) .
In the present study, we demonstrate that GGTI-298 and GGTI2166 target PI3K/AKT2 and survivin pathways leading to programmed cell death in cisplatinsensitive and -resistant human ovarian cancer cells via a p53-independent mechanism. Moreover, AKT1 activation was also inhibited by GGTI-298 and GGTI-2166. As AKT2, but not AKT1, is frequently altered in human cancer (Cheng et al., 1992; Yuan et al., 2000; Arboleda et al., 2003) , we primarily focused our study on AKT2.
Results and discussion
GGTIs inhibit AKT2 and induce apoptosis in cisplatin-sensitive and -resistant human ovarian cancer cells
We have previously demonstrated that GGTI-298 arrests NIH 3T3 cells and lung cancer cells at G1 phase by upregulation of p21 WAF/CIP1 and hypophosphorylation of RB (Adnane et al., 1998; Sun et al., 1999a, b) . We have also documented that GGTIs enhance the ability of FTIs to induce apoptosis in drug-resistant myeloma (Bolick et al., 2003) as well as synergize with other anticancer drugs such as cisplatin, taxol, and gemcitabine to inhibit human lung cancer cell growth in nude mice (Sun et al., 1999a, b) . These results implicate the role of geranylgeranylated proteins in cell survival control, yet the involved mechanisms for inhibition of tumor growth and induction of apoptosis still remain unclear. Our previous studies showed that constitutively active H-Ras significantly activates PI3K/AKT2 and that the farnesyltransferase inhibitor, FTI-277, suppresses the PI3K/AKT2 pathway leading to cell death in human cancer cell lines (Liu et al., 1998; Jiang et al., 2000) . These studies prompted us to examine the possible involvement of the PI3K/Akt pathway in GGTI antitumor activity. A cisplatin-sensitive (A2780S) and a cisplatin-resistant (A2780CP) ovarian cancer cell lines were treated with GGTI-298 (15 mM) or GGTI-2166 (20 mM) in DMEM supplemented with 10% FBS for 0, 12, 24, 36, and 48 h. Apoptosis and Akt activation were analysed by the Tunel assay and Western blot. Following GGTI-298 or GGTI-2166 treatment, both cisplatin-sensitive A2780S and cisplatin-resistant A2780CP cells underwent programmed cell death. Apoptotic cells reached approximately 70-80% after 36 h of treatment without significant difference between these two cell lines (Figure 1a and data not shown), indicating that GGTI-298 and GGTI-2166 are able to overcome cisplatin resistance in human ovarian cancer cells.
Immunoblotting analysis of AKT1 and AKT2 immunoprecipitates with phospho-Akt-Ser473 antibody revealed that GGTI-298 and GGTI-2166 inhibit phosphorylation of AKT1 and AKT2 after 12 h of treatment in both cisplatin-sensitive and -resistant cell lines. However, total AKT1 and AKT2 protein levels remained unchanged (Figure 1b and data not shown). These results suggest that GGTI may either directly or indirectly target Akt signal transduction pathway to induce apoptosis.
GGTIs target a geranylgeranylated protein(s) upstream of PI3K/AKT2 pathway
To demonstrate that GGTI-298 and GGTI-2166 actually suppress AKT2 kinase, A2780S cells were treated with or without EGF (50 ng/ml) for 15 min following treatment with GGTI-298 or GGTI-2166 for 12 h. In vitro kinase assays were then performed on AKT2 immunoprecipitates as described under Experimental procedures. As illustrated in Figure 2a , EGF-induced AKT2 kinase activity was abrogated by GGTI-298 treatment. As PI3K is an upstream activator of AKT2, we next examined whether GGTI-298 inhibits PI3K activity. Following GGTI-298 treatment and EGF stimulation as described above for AKT2 kinase assay, A2780S and A2780CP cells were immunoprecipitated with anti-pan-p85 antibody. PI3K activity was examined by in vitro kinase analysis of the immunoprecipitates using PI(4,5)P2 as a substrate. GGTI-298 attenuated EGF-stimulated PI3 K activation ( Figure 2c ). However, GGTI-298 does not directly inhibit PI3K and AKT2 activities as determined by adding GGTI-298 to the kinase reaction in vitro ( In vitro kinase assay of the HA-AKT2 immunoprecipitates prepared from A2780S cells. After serum starvation overnight, the cells were treated with or without GGTI-298 for 12 h prior to EGF (50 ng/ml) stimulation for 15 min. Immunoprecipitation was performed with anti-AKT2 antibody and subjected to in vitro kinase assay using histone H2B as substrate. (b) GGTI-298 does not directly inhibit EGF-induced AKT2 activation. After serum starvation and stimulation with EGF, GGTI-298 (15 mM) was directly added into AKT2 kinase reaction. Following incubation for 30 min, the reactions were separated on SDS-PAGE gel and exposed to the film. (c) In vitro PI3K assay of the anti-p85 immunoprecipitates prepared from A2780CP cells. Following serum starvation overnight, the cells were treated with or without GGTI-298 for 12 h prior to EGF stimulation for 15 min. (d) GGTI-298 does not directly inhibit EGF-induced PI3K activation. In vitro PI3K assay of the PI3K immunoprecipitates derived from A2780CP cells. After serum starvation and stimulation, GGTI-298 (15 mM) was directly added to the kinase reaction. Quantification of AKT2 and PI3K activity from three repeated experiments is shown in bottom panels (a-d) effects on PI3K/Akt activation as GGTI-298 (data not shown). These data imply that GGTI-298 and GGTI-2166 are not direct inhibitors of PI3K and AKT2 but rather target a geranylgeranylated protein(s) upstream of PI3K/AKT2 pathway.
Constitutively active AKT2 partially rescues A2780S cells from GGTI-induced apoptosis
We reasoned that if GGTI-298 and GGTI-2166 inhibit a geranylgeranylated protein upstream of PI3K/AKT2, then constitutively active AKT2 should overcome GGTIs-induced apoptosis. A constitutively active AKT2 expression construct (HA-Myr-AKT2) or pcDNA3 vector alone was stably transfected into A2780S cells. Western blot analysis with anti-HA antibody revealed expression of HA-Myr-AKT2 in the transfectants (Figure 3a ). After treatment with GGTI-298 (15 mM) or GGTI-2166 (20 mM) for different times in the presence of 10% FBS, apoptotic cells were observed in pcDNA3-and Myr-AKT2-transfected A2780S cells. The percentages of apoptotic cells in pcDNA3-transfected A2780S cells increased from 8% at time 0 to 80% after 48 h of treatment with GGTI-298 ( Figure 3b ). These percentages are very similar to those reported in Figure 1a for nontransfected parental A2780S cells. In contrast, GGTI-298 induced apoptosis by 40% at time 48 h of treatment in cells transfected with constitutively activated AKT2. Similar effects were observed in the cells treated with GGTI-2166 (data not shown). Therefore, constitutively active AKT2 only partially rescues A2780S cells from GGTI-induced apoptosis (Figure 3b ), indicating that other cell survival signal molecule(s) must be targeted by GGTI-298 and GGTI-2166 besides PI3K/Akt pathway.
GGTIs downregulate the IAP family protein survivin
Numerous studies have shown that IAP family proteins play a critical role in cell survival (Deveraux and Reed, 1999; Reed, 2001; Tran et al., 2002; Altieri, 2003) . Among the members of IAP family, only survivin is frequently overexpressed in human cancer including ovarian carcinoma and ectopic expression of survivin renders ovarian cancer cells resistant to taxol (Zaffaroni et al., 2002) . Thus, we next examined whether GGTI-298 or GGTI2166 targets survivin to induce apoptosis in ovarian cancer cells. A2780S cells, in which survivin is highly expressed, were treated with GGTI-298 or GGTI-2166 for different times. Western and Northern blot analyses revealed that both protein and mRNA levels of survivin were significantly reduced following GGTI-298 or GGTI-2166 treatment (Figure 4a and data not shown). To further examine the importance of survivin in GGTIs proapoptotic activity, A2780S cells were stably transfected with Myc-tagged survivin. Again, the cells transfected with pcDNA3 vector alone were used as control. Expression of transfected Myc-survivin was confirmed by immunoblotting analysis with anti-Myc antibody (Figure 4c ). Following administration of GGTI-298 or GGTI-2166 at various lengths of time, apoptotic cells were detected by the Tunel assay and quantified. Both GGTI-298 and GGTI-2166 increased apoptosis from 8 and 10% at time 0 to 70 and 80% at time 24 h in A2780S-pcDNA3 cells, respectively. In survivin-expressing cells, both inhibitors induced apoptosis to only 30% after 24 h of treatment (Figure 4d and data not shown). Thus, ectopic expression of survivin rescues the cells from GGTI-induced apoptosis but only partially, implying that survivin is another target of GGTIs in addition to PI3K/AKT2. Further, A2780S cells were stably contransfected with constitutively active AKT2 and survivin (Figure 4c ) and treated with either GGTI-298 (15 mM) or GGTI-2166 (20 mM). The Tunel assay analysis revealed that cells expressing both myr-AKT2 and survivin became dramatically resistant to GGTIs treatment (Figure 4d ), indicating that AKT2 and survivin are critical targets of GGTIs at least in A2780S ovarian cancer cells.
GGTIs inhibit survivin via a p53-independent pathway
Previous investigations have demonstrated that p53 represses survivin expression through inhibiting its transcription (Hoffman et al., 2002; Mirza et al., 2002) . To determine whether GGTIs' suppression of survivin expression depends on p53, we evaluated the effects of GGTIs on survivin expression in A2780CP cells that carry p53 mutation (Sasaki et al., 2000) . A2780CP cells were cultured in DMEM supplemented with 10% FBS and treated with GGTI-298 or GGTI-2166 for different times. The expression of survivin was evaluated by Western and Northern blot analyses. Both protein and mRNA levels of survivin were inhibited by GGTI-298 and GGTI2166 treatment in A2780CP cells (Figure 4b and data not shown) . Quantification analysis showed that GGTI-inhibited survivin expression was similar in A2780CP cells that contain mutant p53 and A2780S cells that express wild-type p53 (Figure 4a and  b) . To further define the effects of p53 on GGTIs' suppression of survivin expression, A2780CP cells were stably transfected with HA-tagged wild-type p53 and pcDNA3 vector alone, as a control. Figure 5a shows that transfected p53 expresses and is functional reflected by elevated level of p21 WAF1 and restoration of A2780CP Immunoblotting analysis showed that reintroduction of wild-type p53 into A2780CP cells did not have significant effects on the ability of GGTIs to inhibit survivin expression as compared to pcDNA3-transfected A2780CP cells (Figure 5b ). These results indicate that GGTIs suppression of survivin is independent of p53 pathway. Previous studies have shown that re-expression of wild-type p53 sensitizes A2780CP cells to cisplatininduced apoptosis (Song et al., 1997; Sasaki et al., 2000) . Therefore, we next examined whether ectopic expression of wild-type p53 sensitizes A2780CP cells to GGTIstimulated cell death. The Tunel assay revealed that the levels of GGTI-induced apoptosis were the same in A2780CP-p53, A2780CP-pcDNA3 as well as A2780S cells (Figures 5c and 1a) . We have previously shown GGTI-298-mediated transcriptional upregulation of p21 WAF1/CIP1 is also independent of p53 (Adnane et al., 1998) . This further supports the notion that the mechanism of GGTIs antitumor activity does not involve the p53 pathway. Since mutant p53 is a major contributor to anticancer drug resistance and since GGTIs can overcome this resistance at least in the case of cisplatin, combination of GGTIs with these agents has a potential for cancer treatment.
GGTIs attenuated AKT2-induced survivin expression and promoter activity
Recent studies have shown that PI3K/Akt pathway mediates IGF1-and VEGF-upregulation of survivin protein in multiple myeloma and endothelial cells (Papapetropoulos et al., 2000; Mitsiades et al., 2002) . However, the underlying molecular mechanism has not been well documented. As GGTI inhibits PI3K/AKT activation as well as survivin expression at the transcription level, we reasoned that activation of AKT2 could induce survivin transcription. To this end, Northern blot analysis of A2780S cells transfected with constitutively active AKT2 revealed that expression of survivin was induced by AKT2 in a dose-dependent manner (Figure 6a ). Further, a luciferase activity assay was carried out with HEK293 cells transfected with pGL3-survivin-Luc reporter, constitutively active AKT2 and b-galactosidase. Triple experiments showed that ectopic expression of constitutively active AKT2 stimulated survivin promoter activity (Figure 6b ). These data indicate that AKT2 upregulates survivin by inducing its promoter activity. It has been demonstrated that survivin promoter contains a NFkB-binding site and is induced by NFkB pathway (Deveraux and Reed, 1999 (Ozes et al., 1999; Madrid et al., 2000; Kane et al., 2002; Yuan et al., 2002) . Therefore, AKT2-induced survivin transcription could be mediated by activation of this pathway.
Since AKT2 upregulates survivin and GGTIs repress survivin expression and AKT2 activity, one possible mechanism by which GGTIs could repress survivin is through inhibition of PI3K/AKT2. To test this hypothesis, constitutively active AKT2-and pcDNA3-stably transfected A2780S cells were treated with GGTI-298 or GGTI-2166. Following the treatment for 12, 24, and 48 h, expression of survivin was examined by Western and Northern blot analyses. As shown in Figure 6c , both basal protein and mRNA levels of survivin were higher in A2780S-Myr-AKT2 cells as compared to A2780S transfected with pcDNA3 vector alone. However, declining rate of the survivin induced by GGTIs was essentially the same between constitutively active AKT2-and pcDNA3-transfected A2780S cells. Moreover, the luciferase reporter assay showed that constitutively active AKT2-stimulated survivin promoter activity was also attenuated by GGTIs treatment. Even the basal levels of survivin promoter activity were significantly inhibited by GGTI-298 or GGTI-2166 (Figure 6d and data not shown). As GGTI-298 and GGTI-2166 are not direct AKT2 inhibitor (Figure 2c) , we conclude that GGTIs repress survivin by targeting other molecule(s), which bypasses AKT2 but is capable of blocking AKT2-induced survivin transcription.
Moreover, these data also indicate that GGTIs induce apoptosis in human ovarian cancer cells by inhibition of survivin and PI3K/AKT2 parallel pathways.
Effects of FTI and/or GGTI on apoptosis, AKT activity, and survivin expression
To examine whether GGTI antitumor activity is mediated by decrease in protein geranylgeranylation or a compensatory increase in protein farnesylation, we cotreated A2780S cells with FTI and GGTI. The cells treated with FTI and GGTI alone were used as controls. Triple experiments revealed that FTI induces apoptosis at much lesser extent than GGTI. The apoptosis induced by cotreatment with GGTI and FTI is higher than that of either GGTI or FTI alone; however, FTI did not exhibit dramatic effects on GGTI-induced apoptosis in A2780S cells (Figure 7a ). Immunoblotting analysis showed that GGTase I substrate Rap1A and of FTase substrate HDJ2 were inhibited by GGTI-298 and FTI-277 in A2780S cells, respectively (Figure 7b ). Moreover, GGTI-downregulated survivin was not affected by FTI treatment, even though phosphorylation level of Akt was inhibited by GGTI/FTI at higher degree as compared to GGTI or FTI alone (Figure 7c ). These data suggest that FTI and GGTI have no significant synergic inhibitory effects on cell survival and survivin expression in A2780S cells and that GGTI treatment did not result in a compensatory increase in protein farnesylation. As GGTI was originally designed to inhibit small Gproteins, we next examined whether ectopic expression of small G-protein(s) over-rides GGTI-dowregulated survivin. A2780S cells were individually transfected with expression constructs of v-H-Ras, R-Ras, Rac, RhoB, and RhoA. After 36 h of transfection, the cells were treated with GGTI-298 for different time, expression of survivin was analysed by Western blot. As shown in Figure 7d , survivin was significantly declined in GGTI-298-treated pcDNA3-transfected cells. However, none of small G-proteins examined has dramatic protection from GGTI downregulation of survivin even though Hras and RhoA slightly inhibit GGTI-induced survivin declining rate. These data suggest that these small Gproteins do not seem to be the targets of GGTI to downregulate survivin in A2780S cells even though Akt has been shown to be activated by some of them (Datta et al., 1996; Liu et al., 1998) .
In summary, the data presented here demonstrate for the first time that GGTI-298 and GGTI-2166 potently inhibit PI3K/AKT2 activation and survivin expression in both cisplatin-sensitive and -resistant human ovarian cancer cell lines. Furthermore, our data suggest a mechanism by which GGTIs repress survivin expression by showing that GGTI-298 inhibits mRNA and promoter activity of survivin independent of p53 status and AKT2 activation (Figure 8 ). Finally, we provide evidence that GGTI-induced apoptosis is independent of p53 pathway. Since upregulation of Akt and survivin as well as inactivation of p53 are frequently associated with chemoresistance, GGTIs could be valuable agents to overcome antitumor drug resistance. Further investigations are required to characterize the mechanism by which GGTIs downregulate survivin and inactivate PI3K, that is, identification of GGTI-298-and GGTI-2166-targeted geranylgeranylated proteins that positively regulate PI3K/Akt and survivin pathways independently (Figure 8 ).
Material and methods

Cell lines, transfection, and cell treatment
Human ovarian epithelial cancer cell lines A2780S and A2780CP and human embryonic kidney (HEK) 293 were cultured at 371C and 5% CO 2 in DMEM supplemented with 10% FBS. The cells were seeded in 60-mm Petri dishes at a density of 0.6 Â 10 6 cells/dish and were transfected with 2 mg of DNA per dish using LipofecAMINE Plus. Stable clonal cell lines were established by G418 (500 mg/ml) selection.
Expression constructs
HA-AKT2 and HA-Myr-AKT2 were prepared as described previously (Jiang et al., 2000) . HA-tagged p53 was prepared by releasing p53 from GST-p53 plasmid, kindly provided by Jiandong Chen at H Lee Moffitt Cancer Center, and cloning to HA-pcDNA3.1 vector. Survivin expression plasmid was created by PCR, subcloned to Myc-tagged pcDNA3.1 and confirmed by sequencing analysis. Based on published sequence (Li and Altieri, 1999) , survivin promoter (À1469/ þ 20) was amplified by PCR using normal human placenta genomic DNA as template. The PCR products were ligated into BamHI-SmaI sites of pGL3 vector. The promoter sequence was confirmed by DNA sequencing.
Tunel assay
Cells were seeded into 60 mm dishes and grown in 10% FBS-DMEM for 36 h. Cells were then treated with 15 mM GGTI-298 for different times ranging from 0 to 48 h. Apoptosis was determined by terminal Tunel assay using an in situ cell death detection kit (Boehringer Mannheim, Indianapolis, IN, USA). The cells were trypsinized, and cytospin preparations were obtained. Cells were fixed with freshly prepared paraformaldehyde (4% in PBS, pH 7.4). Slides were rinsed with PBS, incubated in permeabilization solution, followed by Tunel reaction mixture for 60 min at 371C in a humidified chamber. After a rinse, the slides were incubated with converter-alkaline phosphatase solution for 30 min at 371C and then detected with alkaline phosphatase substrate solution (Vector Laboratories, Burlingame, CA, USA). After an additional rinse, the slides were mounted and analysed under a light microscope. These experiments were performed in triplicate.
Immunoprecipitation, in vitro kinase assay, Western and Northern blotting analyses jected to in vitro kinase assay using histone H2B as substrate. Protein expression was determined by probing Western blots with the appropriate antibodies. For the detection of endogenous phospho-AKT2, Western blot analysis of the AKT2 immunoprecipitates was performed and detected with anti-phospho-Akt-Ser473 antibody. Detection of antigen-bounded antibody was carried out with the ECL Western Blotting Analysis System (Amersham). Northern blot was performed as previously described (Cheng et al., 1992) .
PI3K assay
PI3K was immunoprecipitated from the cell lysates with anti-pan-p85 antibody (Santa Cruz Biotechnology). The immunoprecipitates were washed once with cold PBS, twice with 0.5 M LiCl/0.1 M Tris (pH 7.4), and finally with 10 mM Tris/100 mM NaCl/1 mM EDTA. The presence of PI3K activity in immunoprecipitates was determined by incubating the beads in reaction buffer (10 mM HEPES (pH 7.4), 10 mM MgCl 2 , 50 mM ATP) containing 20 mCi [-32 P]ATP and 10 mg L-a-phosphatidylinositol 4,5-bis phosphate (Biomol) for 20 min at 251C. The reactions were stopped by adding 100 ml of 1 M HCl.
Phospholipids were extracted with 200 ml CHCl 3 /MeOH and phosphorylated products were separated by thinlayer chromatography as previously described (Jiang et al., 2000) . The conversion of PI (4,5)P 2 to PI(3,4,5)P 3 was detected by autoradiography.
Luciferase reporter assay
Cells were seeded in six-well plate and transfected with survivin-Luc reporter, pSV2-b-gal and, constitutively active of AKT2. After 36 h of transfection and treatment with or without GGTI-298, luciferase and b-galactosidase assays were performed according to the manufacturer's procedures (Promega and Tropix), respectively. Each experiment was repeated three times.
